ABSTRACT The growth of Chinese hamster ovary cells in medium containing reduced concentrations of threonine is inhibited by borrelidin, a macrolide antibiotic. Borrelidin-resistant clones have been isolated after ethyl methanesulfonate mutagenesis. One clone, IC-i, has a 3-fold increased level of threonyltRNA synthetase [L-threonine:tRNATnr ligase (AMP-forming), EC 6.1.1.3] as determined by both activity measurements and antiserum titrations. The levels offour other aminoacyl-tRNA synthetases and of tRNAThr are the same in strain IC-i and in the wild-type parent. The phenotype ofincreased threonyl-tRNA synthetase activity is recessive to wild type in cell hybrids.
Aminoacyl-tRNAs are the products of the first committed step in protein biosynthesis. They may also be viewed as the final product ofvarious cellular processes that provide the amino acid precursors of proteins. Thus, aminoacyl-tRNAs may serve an important role in coordinating certain aspects of cellular metabolism and protein synthesis (1, 2) . Consequently, the regulation of the enzymes catalyzing the formation of aminoacyltRNAs is of interest.
There is evidence for at least two modes ofregulation ofaminoacyl-tRNA synthetases in bacteria and yeast. Metabolic regulation (3) (4) (5) affects the level of most, if not all, synthetases. In this type of control the levels of the synthetases are correlated with the growth rates of the cells, increasing with decreasing doubling times of the cultures. There is also evidence for the specific regulation of individual synthetases, the most compelling of which comes from the isolation of regulatory mutants affecting the levels of single aminoacyl-tRNA synthetases. Bacterial cells containing regulatory mutations affecting the levels of threonyl-and seryl-tRNA synthetases have been isolated by selecting for resistance to the analogs borrelidin and serine hydroxamate, respectively (6) (7) (8) . In an alternate approach, revertants of mutants containing temperature-labile aminoacyltRNA synthetases able to grow at the previously restrictive temperature have been isolated (9) (10) (11) (12) . Among these revertants are those that still contain the thermolabile enzyme but at concentrations 4-to 8-fold above those in the parental cell lines.
Evidence for regulation of the levels of specific aminoacyltRNA synthetases in mammalian cells is meager. Molnar et al. (13) isolated revertants of Chinese hamster ovary (CHO) strain tsHl, which contains a thermolabile leucyl-tRNA synthetase (14) . One revertant clone contained twice the leucyl-tRNA synthetase activity of tsHl but with a thermal inactivation profile identical to that of tsHl. Stanners and coworkers (15) studied the recovery of protein synthetic capacity in CHO cell lines containing temperature-sensitive aminoacyl-tRNA synthetases after exposure to highly restrictive conditions and suggested that the synthetases are under precise and specific control.
As a prelude to studies of the regulation of aminoacyl-tRNA synthetases in mammalian cells, we wished to see if the levels of specific synthetases could be altered by mutation. In this report we describe the isolation and some properties of a borrelidin-resistant variant 10 ,ug/ml each of adenosine and thymidine.
Selection ofBorrelidin-Resistant Cells. Subconfluent monolayer cultures were treated with 2 ,ul ofethyl methanesulfonate per ml for 1 hr as described (17) . After 3-4 days of growth for phenotypic expression, cells were plated into 100-mm tissue culture dishes, allowed to attach, and then placed in a minimal essential medium modified to contain 20 ,uM threonine and 25 ng of borrelidin per ml. After 12-15 days, surviving colonies were cloned and retested for their ability to grow in the modified medium.
Enzyme Assays. Cell extracts were prepared by suspending washed cells at 107 per ml in a solution containing 10 mM Tris'HCl at pH 7.5, 50 mM KCl, 1 mM MgCl2, 0.1 mM dithiothreitol, 20% (vol/vol) glycerol, and 1% Nonidet P-40. After incubation for 30 min at 0WC, the suspension was centrifuged at 25,000 x g for 20 min. The assay mixtures for threonyl-, leucyl-, tyrosyl-, and histidyl-tRNA synthetases contained, in a total volume of250 Al: 0.1 M Tris-HCl at pH 7.5, 5 mM Na2ATP, 2.5 mM Na2CTP, 40 mM KCl, 10 mM MgCl2, 0.4 mM dithiothreitol, 0.4 mg of tRNA, 75 pM "4C-or 3H-labeled amino acid, and 50-200 ,ug of extract protein. The reaction mixtures were incubated at 30°C. All reaction velocities were determined under linear assay conditions by transferring 50-,ul samples directly from the reaction vessel into 2.5 ml ofcold 10% trichloroacetic acid at 0-, 1.5-, 3-, and 5-min intervals. The precipitates were collected on glass-fiber discs, washed with 10% trichloroacetic acid, then with ethanol, and dried, and their radioactivities were measured. Asparaginyl-tRNA synthetase was assayed as described (18) . Protein was determined by the method of Lowry et al. (19) with bovine serum albumin as standard.
tRNA Extraction and Analysis. RNA was extracted as described (20) and bulk tRNA was partially purified by chromatography on DEAE-cellulose (21) . The aminoacylation of tRNA r was performed essentially as described above for the assay of threonyl-tRNA synthetase activity, except that the tRNA concentration was varied from 0. 8 to 5.0 Awo units/400
Abbreviation: CHO, Chinese hamster ovary. 5367 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (Table 1) . When the activities of four other aminoacyl-tRNA synthetases were assayed in these same extracts, no differences were seen (Table  1 ). Fig. 3 shows that the threonyl-tRNA synthetase content of these extracts as determined by antiserum titration is proportional to that determined by enzyme activity measurements. This result suggests that the difference in threonyl-tRNA synthetase levels between extracts from GAT-and IC-i is due to (23) . The wild-type strain used was a clone of tsHI containing a dominant ouabain resistance marker and a recessive hypoxanthine phosphoribosyltransferase marker. Hybrid clones were selected in hypoxanthine/aminopterin/thymidine (HAT) (24) medium containing 1 mM ouabain and assayed as soon as sufficient cells were available. The specific activities of threonyl-tRNA synthetase in two iC-i x tsHI hybrids, two GAT-x tsH hybrids, tsHI, and GAT-were the same ( Table 2 ), indicating that the mutation responsible for increased threonyl-tRNA synthetase activity in iC-i is recessive to the wild-type allele. DISCUSSION The macrolide antibiotic borrelidin has been shown to be a specific inhibitor ofthreonyl-tRNA synthetase in bacteria (6, 7). We have found it also to be an extremely effective inhibitor ofCHO cell growth. This inhibition is antagonized by threonine.
Among clones selected for resistance to borrelidin we have characterized one, strain iC-i, which has a 3-fold higher level ofthreonyl-tRNA synthetase activity than the parental line. The levels of four other aminoacyl-tRNA synthetases and the threonine acceptance activity of total tRNA are unchanged. Thus, there is no evidence for an alteration affecting either the coordinate regulation of all aminoacyl-tRNA synthetases or of an individual synthetase and its cognate tRNA isoacceptor family.
Immunotitration of enzyme activity demonstrated that the increase in enzyme activity levels is due to an increase in the content of threonyl-tRNA synthetase molecules. This could result from changes in the rate ofenzyme synthesis or degradation or both. Changes in rate of synthesis could result from an alteration in a regulatory element that modulates the rate oftranscription of the threonyl-tRNA synthetase structural gene or from amplification ofthe structural gene, as has been found for other drug-resistant mutants (25, 26) .
The fact that the mutation in strain 1C-1 is recessive to the wild-type allele suggests that the increased levels of threonyltRNA synthetase are not due to gene amplification or multiple Biochemistry: Gantt et aP chromosomes, because cell hybrids formed by fusing a strain containing multiple structural genes with a wild-type strain would be expected to have intermediate activity. Furthermore, the recessive nature of this mutation suggests that GAT-cells are functionally haploid at this putative regulatory locus, as has been suggested for a number of other loci in CHO cells (27) . The results presented here show that resistance to borrelidin can result from an increased cellular content of threonyl-tRNA synthetase. However, it is not yet clear that strain iC-i is defective in a physiologically significant mechanism that normally regulates threonyl-tRNA synthetase levels in response to specific metabolic signals. Indeed, the existence of such mechanisms for regulating aminoacyl-tRNA synthetase levels in mammalian cells remains an open question (13, 15) . Further analysis of strain iC-i and of other mammalian cell mutants containing altered levels of aminoacyl-tRNA synthetases, tRNAs, or both should help to answer this question.
